Introduction. Perivascular soft tissue tumors are relatively uncommon neoplasms of unclear line of differentiation, although most are presumed to originate from pericytes or modified perivascular cells. Among these, glomus tumor, myopericytoma, and angioleiomyoma share a spectrum of histologic findings and a perivascular growth pattern. In contrast, solitary fibrous tumor (previously termed hemangiopericytoma) was once hypothesized to have pericytic differentiation. Methods. Here, we systematically examine pericyte immunohistochemical markers among glomus tumor (including malignant glomus tumor), myopericytoma, angioleiomyoma, and solitary fibrous tumor. Immunohistochemical staining and semiquantification was performed using well-defined pericyte antigens, including αSMA, CD146, and PDGFRβ. Results. Glomus tumor and myopericytoma demonstrate diffuse staining for all pericyte markers, including immunohistochemical reactivity for αSMA, CD146, and PDGFRβ. Malignant glomus tumors all showed some degree of pericyte marker immunoreactivity, although it was significantly reduced. Angioleiomyoma shared a similar αSMA + CD146 + PDGFRβ+ immunophenotype; however, this was predominantly seen in the areas of perivascular tumor growth. Solitary fibrous tumors showed patchy PDGFRβ immunoreactivity only. Discussion. In summary, pericyte marker expression is a ubiquitous finding in glomus tumor, myopericytoma, and angioleiomyoma. Malignant glomus tumor shows a comparative reduction in pericyte marker expression, which may represent partial loss of pericytic differentiation. Pericyte markers are essentially not seen in solitary fibrous tumor. The combination of αSMA, CD146, and PDGFRβ immunohistochemical stainings may be of utility for the evaluation of pericytic differentiation in soft tissue tumors.
Introduction
Perivascular soft tissue tumors are relatively uncommon neoplasms of unclear line of differentiation, although most are presumed to originate from pericytes or a modified perivascular cell. Among these, glomus tumor, myopericytoma, and angioleiomyoma share a spectrum of histologic findings, including a perivascular growth pattern. Glomus tumor is a subcutaneous and soft tissue neoplasm with histological resemblance to the thermoregulatory glomus body. 1 Glomus tumors are most common on the digits and have been recently found to have a recurrent MIR143-NOTCH fusion gene. 2 Myopericytoma bears some histologic resemblance to glomus tumor but is most common on the lower extremities and is composed of eosinophilic tumor cells with more clear smooth muscle differentiation and a whorled perivascular pattern. 3 Angioleiomyoma generally presents as a painful subcutaneous nodule, with a histological appearance of more differentiated smooth muscle cells, arranged in perivascular, fascicular, or cavernous growth patterns. Notably, there is well-recognized histologic overlap between these 3 tumors, leading some to use hybrid terms such as "glomangiopericytoma" and "glomangiomyoma." 4, 5 Immunohistochemical staining patterns across glomus tumor, myopericytoma, and angioleiomyoma are relatively similar, although nonspecific, and include diffuse α-smooth muscle actin (αSMA) positivity, muscle specific actin, and h-caldesmon. Other immunohistochemical markers are occasionally positive including Desmin, CD34, and Calponin. 6, 7 Despite the 1 University of California, Los Angeles, CA, USA 2 University of Edinburgh, Edinburgh, UK well-described histopathologic features of these perivascular soft tissue tumors, a definitive line of differentiation has not yet been established.
Pericytes are mesenchymal cells that closely enwrap small blood vessels, regulating and supporting the microvasculature through direct contact with the endothelium. Pericytes demonstrate a distinct immunohistochemical profile, including expression of αSMA, CD146, and PDGFRβ, without endothelial differentiation (CD31, CD34). 8, 9 h-Caldesmon is expressed in vascular and visceral smooth muscle cells and may be expressed in a subset of pericytes. 10, 11 Several lines of evidence have supported pericytic differentiation in glomus tumor, myopericytoma, and angioleiomyoma. First, the striking perivascular distribution of tumor cells first led to the hypothetical link to pericytes. Next, diffuse immunoreactivity of these perivascular tumors to αSMA, MSA, and vimentin further solidified a pericytic identity, although highly nonspecific. [12] [13] [14] Finally, ultrastructural examination by transmission electron microscopy has suggested either a modified pericyte or smooth muscle phenotype in glomus tumor, [15] [16] [17] myopericytoma, 18 and angioleiomyoma. 19 However, a definite pericytic line of differentiation has remained undetermined across this spectrum of related tumors.
Given the recent, expansive increase in knowledge regarding new immunohistochemical markers for pericytes, we sought to evaluate pericytic marker expression in perivascular soft tissue tumors. In the present study, convincing evidence of pericytic differentiation was observed in a spectrum of soft tissue tumors, including glomus tumor, myopericytoma, and angioleiomyoma. A relative reduction in pericyte marker expression was observed among malignant glomus tumors, suggestive of partial loss of pericytic differentiation. Moreover, pericytic differentiation was not observed in solitary fibrous tumor/ hemangiopericytoma, once hypothesized to have pericyte origins.
Materials and Methods

Histology and Immunohistochemistry
Tumors were identified using a retrospective chart review of the pathology tissue archives of the Department of Pathology and Laboratory Medicine at the University of California, Los Angeles (UCLA), using the search terms "glomus tumor," "myopericytoma," "angioleiomyoma," and "solitary fibrous tumor." Slides were reviewed by 2 independent pathologists to ensure accuracy of diagnosis (SMD and AWJ). Diagnostic criteria for malignancy in glomus tumors were used as described by Folpe and colleagues, 20, 21 including deep-seated tumors greater than 2 cm, tumors with atypical mitotic figures, or tumors with moderate to high nuclear grade and >5 mitotic figures in 50 HPF. Patient information was obtained, including age, sex, tumor location, tumor size, and previous immunohistochemical stains performed during the initial diagnostic evaluation. Formalin-fixed paraffin-embedded (FFPE) tumor tissue from patients were acquired from the tissue archives, under UCLA IRB approval # 13-000918.
Immunohistochemistry for pericyte markers was performed using the ABC method (Vectastain Elite ABC, Vector Laboratories, Burlingame, CA) using DAB as the chromogen (ImmPACT DAB, Vector Laboratories). Multiple antigens were detected by multiplexing the ABC method and DAB chromogen with an alkaline phosphatase polymer detection method (ImmPress-AP Polymer Detection, Anti-mouse IG, Vector Laboratories) and Vector Red chromogen (Vector Red Alkaline Phosphatase Substrate, Vector Laboratories).
The following primary antibodies were used: monoclonal rabbit anti-CD146 (1/500, EPR3208, ABCAM, Cambridge, MA), polyclonal rabbit anti-CD31 (1/100, XX, ABCAM), monoclonal mouse anti-αSMA ( Heat-mediated antigen retrieval was performed for all immunohistochemical stains in 1 mM Tris-EDTA, 0.01% Tween-20 (Sigma), pH 8. Nonspecific antibody binding was blocked (IHC-TEK Antibody Diluent, pH 7.4, IHC World, LLC, Woodstock, MD). Endogenous peroxidase and alkaline phosphatase blocking solution was used (BLOXALL Endogenous Peroxidase and Alkaline Phosphatase Blocking Solution, Vector Laboratories). Mayer's hematoxylin was used as a nuclear counterstain (1/5, ABCAM) and slides were mounted using an aqueous media (VectaMount AQ, Vector Laboratories).
Immunohistochemical Semiquantitation
Semiquantitative grading of immunohistochemical stains was performed with some modification of previous protocols by 3 blinded independent observers. 22 Intensity of staining was graded on a 3-point scale (0-3+), defined as follows: 0, absent stain; 1+, weak, focal cytoplasmic staining or weak, noncontiguous membranous staining; 2+, moderate, focal to diffuse cytoplasmic staining or moderate, partially contiguous membranous staining; 3+, strong, diffuse cytoplasmic staining or strong, contiguous membranous staining. In cases of disagreement between observers, tumor staining was reevaluated by the same observers and the majority opinion was selected. In addition, the percentage of tumor cells stained was also evaluated, using a 5% incremental scale, and averages between observers were calculated. Statistical analysis of semiquantitation was performed when appropriate, using a 2-sample Wilcoxon rank-sum (Mann-Whitney) test, using STATA. P < .05 was considered significant.
Results
Pericytic Immunophenotype of Glomus Tumor
Glomus tumors (N = 9) were located on fingers, and ranged in size from 0.4 to 1.2 cm. Histologically, all tumors showed characteristic features of glomus tumor, including a proliferation of small, uniform, rounded glomus cells with a centrally placed, round nucleus and amphophilic to lightly eosinophilic cytoplasm. Tumors showed both solid and glomuvenous growth patterns. Clinical immunohistochemical stains included diffuse immunoreactivity for muscle-specific actin (MSA; 4/4 cases). All tumors were negative for epithelial markers (pan-keratin, EMA), melanocytic markers (S100, HMB45), and desmin when examined.
Pericytic markers were examined across all glomus tumor specimens, revealing a consistent staining pattern ( Figure 1 ). Diffuse immunoreactivity was noted for αSMA, CD146, and PDGFRβ, observed both in solid growth patterns ( Figure 1A -G) and those tumors with a glomuvenous growth pattern ( Figure 1H -J). More variable and patchy immunoreactivity for h-caldesmon was observed. Next, semiquantitation of immunohistochemical staining was performed ( Table 1 ). Moderate to strong and diffuse immunoreactivity for αSMA, CD146, and PDGFRβ was observed in nearly all tumors examined, and without significant variation in regard to architectural pattern.
Pericytic Markers in Malignant Glomus Tumor
Malignant glomus tumors (N = 4) were deep-seated (including deep soft tissue and visceral locations) and ranged in size from 4.5 to 5.5 cm. Increased mitotic rate was seen in 3 of 4 tumors (9-25 mitoses per 10 HPF). Moderate to high nuclear grade was seen in a single case. A variety of growth patterns were noted, including perivascular, infiltrative, and sheet-like arrangements of tumor cells ( Figure 2A) . Cytologically, increased pleomorphism was seen in some cases ( Figure 2B ). Clinical immunohistochemical stains included no expression of epithelial markers (including pan-keratin, Cam5.2, EMA), melanocytic markers (S100, HMB45, MelanA, Sox10), or endothelial markers (CD31, CD34) when performed.
Results showed that all tumors showed at least focal staining for all pericyte markers, but overall reduced pericyte marker expression in comparison to benign glomus tumor ( Figure 2) . A vague perivascular distribution of staining was noted ( Figure 2C -E), although this was not necessarily a consistent feature. Loss of pericyte marker expression was most pronounced in areas of sheet-like growth pattern ( Figure 2F -H). Semiquantification of immunohistochemical stains are shown in Table 2 , and revealed a relative reduction in pericyte staining in comparison to benign glomus tumors. For example, a significant reduction in αSMA immunohistochemical staining intensity and distribution was observed as compared to benign glomus tumor (P = .0044 and .0007, respectively). Likewise, a significant reduction in PDGFRβ immunostaining intensity and distribution was observed (P = .0327 and .0736, respectively).
Pericytic Immunophenotype of Myopericytoma
Myopericytomas (N = 3) were of the superficial soft tissues, located in the distal lower extremity, and ranged in size from 0.9 to 3.0 cm. All tumors showed characteristic features of myopericytoma, including oval-to-spindle shaped myoid appearing cells that show striking multilayered concentric growth around lesional blood vessels. Typical histological features of myopericytoma were observed ( Figure 3A) , including a prominent perivascular whorling of tumor cells ( Figure 3B ), subendothelial proliferation of myopericytoma cells with bulging of tumor into the lumen of blood vessels ( Figure 3C ), and perivascular tumor nodules outside the main tumor mass ( Figure 3D ). Clinical immunohistochemical stains showed negativity for epithelial (pan-keratin) and melanocytic markers (S100, HMB45) when performed.
Similar to glomus tumor specimens, diffuse immunoreactivity for pericyte markers was observed ( Figure 3 ). Interestingly, pericytes of juxtalesional blood vessels showed a similar intensity of staining ( Figure 3E-G) . The strongest immunoreactivity for all 3 markers tended to be in the areas of most prominent perivascular whorling of tumor cells ( Figure 3H-J) . Semiquantification revealed predominantly moderate to strong immunoreactivity for each pericyte marker across myopericytoma specimens (Table 3 ).
Pericyte Markers in Angioleiomyoma
Angioleiomyomas (N = 9) were found in the dermis and superficial soft tissues of the distal upper and lower extremities, ranging in size from 0.7 to 2.5 cm. Tumors typically showed characteristics of both solid and venous growth patterns, being composed of cells with eosinophilic tumor cells with indistinct cell borders, consistent with smooth muscle differentiation. Clinical immunohistochemical stains demonstrated positivity for MSA (3/3 cases) and desmin (3/4 cases). All angioleiomyoma specimens showed negative immunohistochemical staining for vascular markers (CD34, CD31) and S100 (2/2 cases) when performed. Interestingly, pericyte markers differed substantially based on the growth pattern within angioleiomyoma (Figure 4 ). Areas of venous-type growth pattern with a prominent perivascular arrangement of tumor cells showed stronger and more defined immunoreactivity for pericyte markers (Figure 4B-E) . In contrast, areas of more prominent fascicular or sheet-like growth showed predominant αSMA immunoreactivity only, with little to no CD146 or PDGFRβ expression ( Figure 4F-I) . Interestingly, h-caldesmon showed the opposite pattern of staining, with stronger expression in the fascicular or sheet-like areas. Semiquantification showed moderate to strong and diffuse staining for αSMA, CD146, and h-caldesmon, with weak to moderate and focal staining for PDGFRβ (Table 4 ). In summary, although angioleiomyoma specimens demonstrated consistent immunoreactivity for each pericyte marker, angioleiomyoma showed more weak and variable immunoreactivity for PDGFRβ. In addition, tumor areas with a prominent perivascular (venous) growth pattern were also those areas that demonstrated greatest pericyte marker expression.
Absence of Pericyte Markers in Solitary Fibrous Tumor (SFT)
Solitary fibrous tumors (N = 10) were most commonly in the deep soft tissues, but included one pleural-based SFT. All tumors showed characteristic features of SFT, including a patternless architecture of spindled to ovoid tumor cells with variable amounts of hyalinized collagen and branching "hemangiopericytoma-like" blood vessels ( Figure 5A ). Within the tumors examined, a range of appearances were seen from more "solitary fibrous tumor" like ( Figure 5B ) to more hemangiopericytoma like in appearance ( Figure 5C ). Two diagnoses of "atypical SFT" were included, both of which showed increased mitotic activity (4-8 mitoses per 10 HPF), but were without other features of malignancy (no increased cellularity, no cytologic atypia, and no necrosis). Clinical immunohistochemical stains included positivity for CD34 (9/9 cases), BCL2 (2/2 cases), and CD99 (2/2 cases). Epithelial markers (pan-keratin, EMA), melanocytic markers (S100, HMB45), and vascular markers (CD31) were uniformly negative.
Results showed that immunoreactivity for pericyte antigens was essentially confined to the intralesional blood vessels ( Figure 5 ). Higher magnification revealed flattened αSMA + CD146 + PDGFRβ+ cells along the abluminal surface of blood vessels, morphologically consistent with pericytes ( Figure 5G-I) . PDGFRβ immunohistochemical staining showed a range of staining patterns among SFT tumor cells ( Figure 5J and K) , with a subset of SFT samples examined showing weak to moderate PDGFRβ immunoreactivity (Table 5 ). In summary, SFT showed no consistent evidence of pericyte marker expression. In contrast, intralesional blood vessels in SFT appeared to retain their pericyte lining, which was distinct from the SFT tumor cells themselves.
Discussion
In summary, glomus tumor, myopericytoma, and angioleiomyoma share a pericytic immunophenotype, including immunoreactivity for αSMA, CD146, and PDGFRβ. In contrast, solitary fibrous tumor does not share this pericytic immunophenotype, with focal PDGFRβ immunoreactivity only. These findings give further support to the classification of glomus tumor, myopericytoma, and angioleiomyoma as pericytic/perivascular tumors. Malignant glomus tumors demonstrate a relative loss of pericytic markers, potentially representing partial loss of pericytic differentiation. 100  3+  100  3+  100  3+  75  15  2+  100  3+  100  2+  90  3+  75  16  3+  100  2+  90  1+  5  2+  80  Average (SD) 2.667 100% (0) 2.667 97% (±6%) 2 (±1) 65% 2.667 77% (±3%) Importantly, no known pericytic markers are absolutely specific. However, based on the available literature and the present study, the combination of αSMA + CD146 + PDGFRβ+ is quite specific for pericytic and/or smooth muscle differentiation. αSMA is expressed in pericytes, 23 but is also expressed in smooth muscle and myoepithelial cells, among other normal tissues. CD146 is expressed in pericytes, 23 but is also expressed in endothelium, smooth muscle, Schwann cells, among other normal tissues. 24 PDGFRβ is expressed in pericytes, 23 but also in diverse cell types including dermal fibroblasts, endothelium, smooth muscle, stromal cells in the breast, among other normal tissues. 25 With this diverse expression profile in normal tissues, it is likewise not a wonder that these markers are each individually seen in multiple benign and neoplastic lesions. For example, Shih et al identified consistent CD146 expression in melanoma, mucoepidermoid carcinoma, gestational trophoblastic tumors, leiomyosarcoma, angiosarcoma, and Kaposi's sarcoma. 24 Likewise, Palman et al identified consistent PDGFRβ expression in leiomyoma, leiomyosarcoma and angiosarcoma, as well as a number of benign and malignant mesenchymal neoplasms. 25 Nevertheless, the combination of αSMA + CD146 + PDGFRβ+ appears specific for pericytic and/or smooth muscle differentiation. Other possible pericyte markers have yet to be investigated in perivascular soft tissue tumors, including NG2, 23, 26, 27 RGS5, 28, 29 Ang-1 and Ang-2, 30 and Nestin. 31, 32 Admittedly, pericytic differentiation within this group of tumors is currently of primarily academic interest. However, we hope that in the future the better understanding of pericytic differentiation within this group of tumors may help avoid pitfalls in the practice of surgical pathology. For example, glomus tumors may be mistaken for subungual melanocytic tumors or vascular tumors. When in deep locations, glomus tumors may be mistaken for an array of epithelial or mesenchymal tumors. Solitary fibrous tumors may be mistaken for smooth muscle, neural, or even monophasic synovial sarcoma. Future studies will help determine the specificity and clinical utility of pericyte markers in the diagnosis of perivascular soft tissue neoplasms.
Current interests in pericytes and perivascular stem cells predominantly owe to the recognition that pericytes are in fact mesenchymal stem cell (MSC) progenitor cells. 8, 23, [33] [34] [35] [36] [37] [38] In fact, the identity of pericytes as the native in vivo progenitors of MSCs has been well established. For example, pericytes have been shown to express typical markers of MSC, both in situ and after purification and culture (such as CD90, CD105, CD73, and CD44). In addition, purified pericytes give rise to multiple mesodermal tissues after in vivo transplantation. Moreover, purified pericytes demonstrate clonal multipotentiality, including differentiation toward osteogenic, myogenic, adipogenic, and chondrogenic cell fates-identical to that of traditionally derived MSCs. 23, 39 Other perivascular stromal cells have also been shown have to MSC characteristics, and the term perivascular stem cell (PSC) collectively refers to these cells (see Mravic et al 40 Solitary fibrous tumor, previously termed hemangiopericytoma, had been previously posited to have pericytic differentiation, based on cytomorphology, ultrastructural findings, 41, 42 and a nonspecific immunohistochemical profile, including factor-XIII and vimentin. 43 Among the first to call pericytic differentiation within SFT into question was Porter et al, who found no muscle-specific actin (HHF35) expression in SFT specimens, in comparison to MSA immunoreactivity in the majority of glomus tumors. 6 0  0  0  1+  50  0  0  27  0  0  0  0  0  0  0  0  28  0  0  0  0  1+  30  0  0  29  0  0  0  0  1+  5  1+  5 In fact, to date there is no direct evidence that SFT cells display pericytic differentiation (see Mravic et al 40 for a review). Despite these facts, references to possible pericytic differentiation within SFT still persist in the literature. So as to formally negate this hypothesis, our study found no evidence to suggest pericytic differentiation within SFT, including no immunoreactivity for αSMA or CD146 across all samples. Moreover, intralesional blood vessels were seen to have a pericytic cell covering, morphologically distinct from SFT tumor cells. As others have suggested, these features collectively argue against pericytic differentiation within SFT. We did, however, find patchy PDGFRβ immunoreactivity in a subset of SFT (7/10 samples). These findings are consistent with the literature, which suggests that patchy PDGFRβ immunoreactivity is present in a broad subset of SFTs. In one of the largest series of cases, Yamada et al identified PDGFRβ immunoreactivity in 55/66 SFT samples (83.3%). 44 Likewise, Stacchiotti et al demonstrated PDGFRβ immunoreactivity in all SFT cases examined in 2 large series. 45, 46 Thus, isolated PDGFRβ expression in SFT is likely unrelated to a pericytic differentiation, but may hold future interest as a therapeutic target for receptor tyrosine kinase inhibitors.
In summary, these findings clearly support pericytic differentiation in glomus tumors, myopericytoma, and angioleiomyoma, and not in solitary fibrous tumor. The combination of αSMA, CD146, and PDGFRβ immunohistochemical stainings may be of clinical utility for the evaluation of pericytic differentiation in soft tissue tumors.
